In this paper, we evaluate by computer simulations the signal energy per information bit (Edn,, for 
INTRODUCTION
Until recently, error control has been employed with fixed rate forward error correction codes which results in acceptable error rates for the data to be transmitted. However, with the increase in the demand for packet data communication, hybrid ARQ schemes have gained popularity. A simple ARQ scheme does not apply channel coding, whereas in hybrid ARQ schemes, channel coding for error correction is utilized. In type-I1 hybrid ARQ, a subset of hybrid ARQ, the redundancy bits for error correction is adapted to the channel condition and retransmission of unnecessary bits is avoided.
Turbo codes [l] , introduced in 1993 by Berrou et al., have been intensively studied as the error correction code for mobile radio applications. Rate compatible punctured turbo (RCPT) codes in a hybrid ARQ scheme was proposed in [2] and shown to achieve enhanced throughput performance over an additive white Gaussian noise (AWGN) channel. In [3] , it is shown that the throughput of RCPT hybrid ARQ scheme outperforms other ARQ schemes over fading and shadowing channels. In this paper, assuming direct sequence code division multiple access (DS-CDMA), we evaluate the signal energy per information bit (EdNo) for RCPT coded hybrid ARQ over frequency-selective Rayleigh fading channel with antenna diversity reception and Rake combining. When the number of allowable retransmissions is unlimited, transmitting minimum amount of redundancy bits with each retransmission would result in the highest throughput as unnecessary redundancy is avoided. However in a practical system, the number of retransmissions allowed is limited to avoid unacceptable time delay before the successful transmission of a packet. When the number of retransmissions is limited, residual bit error is produced. In this paper, we focus our attention to the analysis of the required EJN0 for a given bit error rate (BER) for the different RCPT Hybrid ARQ schemes with limited number of retransmissions.
RCPT HYBRID ARQ
Type I and type I1 hybrid ARQ schemes are considered. The various hybrid ARQ schemes considered in this paper are obtained from the rate 1/3 turbo code by puncturing it with different puncturing period. A rate 1/3 turbo encoder produces 3 sequences viz.: the systematic sequence {uk}, the parity 1 sequence k;')}, and the parity 2 sequence @I2'}.
The 3 sequences are punctured according to a puncturing pattern represented by a 3x P matrix where P is the puncturing period. The de-puncturer used at a receiver inserts a channel value of zero for the received signal samples corresponding to the punctured bits in the parity sequence, as per the puncturing pattern. The inputs to a rate 1/3 turbo decoder should be 3 sequences each of length equal to the frame length. The decoding algorithm remains the same irrespective of the puncturing pattern.
Type I RCPT hybrid ARQ:
In the type I RCPT hybrid ARQ scheme considered in this paper, the two parity sequences obtained after turbo encoding are punctured with P=2 and transmitted along with the infomation sequence. The puncturing matrix is 
Type II RCPT hybrid ARQ:
In type I1 RCPT hybrid ARQ, there are several variations. In Type I1 hybrid ARQ S-P2 [2] (systematic-puncture period P=2), the parity sequences are punctured with P=2 and two sequences, each of length N (N=information sequence length), are formed. The first transmission consists of the systematic bits only. The second transmission is the first punctured bits sequence. At the receiver, a channel value of 0 is inserted for the unsent bits and decoding performed as if all three sequences are received. After iterative decoding, error detection is performed and detection of error causes another retransmission request; the unsent punctured bit sequence is transmitted. The previously received signal sample sequences are used together with the newly received signal sample sequence as a rate 1/3 code for decoding. This is called incremental redundancy [6] . The puncturing matrices for the three transmissions are as follows:
Presence of errors even after the 3rd transmission causes the sequences of systematic bits and parity bits to be transmitted again in the 4th-6th transmissions and the TD com-
bining is employed.
Type I1 hybrid ARQ S-P4 (systematic-puncture period P= 4) sends the systematic bits in the first transmission and successive retransmissions consist of punctured sequences of length NI2 each, obtained from the two parity sequences with P=4. The puncturing matrices are as follows:
Each newly received sequence is code combined with the previously received sequence to lower the coding rate (increase the decoding power). Presence of errors even after the 5th transmission causes the sequences of systematic bits and parity bits to be transmitted again in the 6th-10th transmissions and the TD combining is employed. The last scheme considered is the hybrid type I1 ARQ 9 P 8 (systematic puncture period P=8) [2, 3] . The sequences to be transmitted in subsequent transmissions are obtained from the rate 1/3 turbo code with the following puncturing matrices (in octal notation):
The first transmission consists of N bits whereas successive transmissions consist of NI4 bits each. After the 9th transmission, all the sequences of systematic bits, parity1 bits and parity 2 bits are received. If requested, the transmission order is repeated and the TD combining is employed. 
COMPUTER SIMULATION MODEL
A baseband equivalent transmission system model is illustrated in Fig. 1 . The transmitter is composed of a CRF encoder, an RCPT encoder, a channel bit-interleaver, a binary phase shift keying (BPSK) data modulator, and a BPSK spreading modulator. A CRC coded sequence is input to the RCPT encoder where it is encoded, punctured and stored in the buffer for possible retransmissions. The punctured sequences are of different length for different puncturing periods. The sequence to be transmitted is block-interleaved by a channel interleaver and then transformed into BPSK symbol sequence. The DS-CDMA signal is transmitted via a propagation channel and received by M antennas. It is assumed that the propagation channel is a frequency-selective Rayleigh channel with L-path uniform power delay profile. The receiver has M coherent Rake combiners, each having L fingers. In each coherent Rake combiner, the received faded DS-CDMA signal is resolved into L copies of the transmitted BPSK symbol sequence by the matched filter (MF), which are then coherently combined. Channel estimation for coherent combining is performed based on the WMSA algorithm [7] . The M coherent Rake combiner outputs are combined and BPSK demodulated. The soft decision sample sequence after pilot-extraction is de-interleaved to obtain the turbo coded sequence, which is fed to the RCPT decoder to recover the CRC coded sequence. If no error is detected, the CRC decoder outputs the sequence which is an estimate of the received information bit sequence. A retransmission is requested if errors are detected. An errorfree reverse channel and perfect error detection using CRC are assumed throughout the paper.
COMPUTER SIMULATION RESULTS
The computer simulation parameters are summarized in Table 1 . The turbo encoderldecoder parameters are as shown in 
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Definition of Required Signal Energy Per Bit
When errors are detected in the ith reception, then the (i+l)th transmission is requested. If the allowable number of transmissions is unlimited, the retransmissions continue until an error free information sequence is recovered at the receiver. However, when the number of allowable transmissions is limited to I,,, error free reception is not guaranteed and residual error results. The average number of transmissions (hence the additional redundancy bits transmitted) differs for different value of I,,, even if the average received SNR per coded bit (E,INo) is the same. This causes, the average required signal energy per bit to noise power spectrum density ratio EIJNo, defined as IN,) N l(N + N r d ) , where, N is the information sequence length and Nd is the additional redundancy bits transmitted. We first investigate the residual BER and throughput performance. Then, the required signal energy per bit is calculated. is limited, there is a residual error due to the inability of the decoder to correct all the errors. When Zmax=l, only the systematic bits are transmitted and the residual BER is the same as that of no channel coding. As I,, increases, more parity bits can be transmitted which increases the turbo decoding gain and the residual error decreases as can be seen in Fig 2(a) . In other words, the average EJNo required for a given BER decreases. On the other hand, as I,, increases, the average number of transmissions and the redundancy bits transmitted increases, especially for lower EcINo as can be seen by the decrease of 77 in Fig. 2(b) .
Residual BER and
Signal Energy Per Bit
The EdNo required for a particular BER can be obtained from the two graphs in Fig. 2 . First the EJNoneeded for the required BER is found from the curve in Fig. 2(a) and then 11 for that EJNo obtained from Fig. 2(b) . The values of E,, / N o = (E, / N o ) / q are then calculated and plotted in Fig. 3 . Similarly, the EdNorequired for other ARQ schemes can be obtained; the results are plotted in Fig. 3 as a function of I, , for a BER of lo4. From the graph, it can be seen that for each hybrid scheme, there exists an optimum I,, that attains a minimum EbINo. This is because the increase in I,,, reduces the residual BER and thus, decreases the required average EJNo causing the EdNo to reduce, but if I,,,, is too large, a slow decrease in the required average EJNO is approached while the average number of redundancy bits increases causing the EdNo to increase. >8 is allowed, S-P8 is the most desirable scheme. Figure 4 plots the required EdNo as a function of the number M of antennas for the different Hybrid ARQ schemes when 1-4 and L=4. For all the schemes, the EdNo decreases as M increases; however the improvement decreases with the increase in the number of antennas. It was seen in Fig. 3 that when Im,=4, the best performance is given by S-P2. Similar result is seen in Fig. 4 as well. Since Im,=4, S-P2 has the minimum required EdNo for M=l and 2. For Type I hybrid ARQ and Type I1 hybrid S-P2, ?,I is high but E&No is very low and thus results in a low EdNo. For S-P4
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and S-P8, ?,I is low but EJNo is relatively higher and hence EdNo is higher than that for S-P2 and Type 1 ARQ. However as M increases to 3 and 4 , the performance changes and we see that Type I hybrid ARQ has the worst performance and Type 11 S-P8 has the best with a minimum required EdNo of -1dB for M=4. This is due to channel estimation errors; for very low EJNo, WMSA channel estimation, used in this paper, results in a large number of errors even with retransmissions. Hence we see that as the number of antennas increases, reducing the throughput is more effective than reducing E&No. 
CONCLUSION
In this paper, the performance of RCPT coded hybrid ARQ for DS-CDMA with antenna diversity reception and Rake combining in a frequency selective Rayleigh fading channel was evaluated when the number of allowable retransmissions is limited. It has been found that the type I1 hybrid ARQ scheme is the most favorable in terms of required EdNo, while the type I hybrid ARQ scheme is the most favorable for delay sensitive systems. For the type I1 hybrid ARQ schemes, the minimum required EdNo is attained after all the parity bits are transmitted and hence depends on the puncturing period P . The optimum P depends on the maximum number of allowable transmissions (Z-). If I,,,, 2 8
transmissions are allowed per packet, S-P8 scheme is the best scheme. When antenna diversity is employed together with ARQ, it was found that S-P8 scheme gives the best performance even for I -4 .
